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ABSTRACT Recent mutagenesis experiments have confirmed our hypothesis that a segment between 85 and 86 forms the ion
selective portion of voltage-gated ion channels. Based on these and other new data, we have revised previous models of the
general folding pattern of voltage-gated channel proteins and have developed atomic scale models of the entire transmembrane
region of the Shaker A K+ channel. In these models, the ion selective region is a (3-barrel that spans the outer half of the membrane.
The inner half of the pore is larger. The voltage-dependent conformational changes of activation gating are modeled to occur by the
"helical screw" mechanism, in which the four 84 segments move along and rotate about their axes. These changes are followed by
a voltage-independent conformational change, in which the segments linking 84 to 85 move from blocking the intracellular
entrance of the pore to forming part of the lining of the large inner portion of the pore. The NH2-terminal of the protein was modeled
as an a-helix that plugs the intracellular half of the pore to inactivate the channel.
INTRODUCTION
The most unique and controversial aspect of our previ-
ous models of voltage (V)-gated channels was the
hypothesis that a segment, which we now call P, is a
partial transmembrane hairpin that forms the ion selec-
tive region of the pore. (We have adopted the nomencla-
ture of Stevens [1] for the P segment. It was previously
called S6 and S7 [2], SSl and SS2 [3,4], or H5 [5]).
Recent mutagenesis experiments on K+channels demon-
strate that residues near the beginning and end of P
affect binding of tetraethylammonium (TEA) to its
extracellular site (6), that residues near the middle of P
affect binding of TEA to its internal binding site (7), that
P accounts for the differences in internal and external
TEA binding and channel conductance between DRK1
and NGK2 K+ channels (8), and that mutations in P
alter the conductance properties of K+ channels (9).
Mutations near the end of Pin Na+ channels also alter
the conductance properties of the pore and affect
binding of tetrodotoxin (10-12).
It is informative to compare sequences of V-gated K+
channels to other V-gated channels that are permeant to
different ions and to other K+ channels that are not
voltage gated. The postulate that P is primarily responsi-
ble for the ion selectivity of the channels is supported by
the fact that P is poorly conserved between V-gated K+
channels and V-gated Na+ or Ca++ channels, but is
highly conserved between V-gated K+ channels and the
Slowpoke gene of Drosophila (13). The Slowpoke gene is
postulated to encode Ca++-activated K+ channels be-
Address correspondence to Dr. H. Robert Guy.
cause mutations of the gene alter these currents. In the
alignment shown in Fig. 1, the Sl-S6 portion of Slow-
poke has 36 residues that are identical to residues that
are highly conserved among V-gated K+ channels. Resi-
dues 9p-18p (residues will be referred to by their
location in each segment as defined in Fig. 1) form the
only segment that is well conserved between Slowpoke
and V-gated K+ channels (9 of these 10 residues are
identical in Slowpoke and Shaker V-gated K+ channels).
The results presented here are part of our ongoing
effort to develop detailed structural and functional
models of V-gated channels. Although many aspects of
the models are consistent with experimental results,
other aspects remain unproven. The primary purpose is
to introduce molecular modeling into the multidisci-
plinary fields of V-gated channel structure, function,
and pharmacology.
METHODS
To model large complex proteins, we used an iterative three stage
process, in which the models were made more specific at each stage.
The transmembrane topology and secondary structure, as well as
functional roles of some segments, were predicted in Stage 1. The
criteria used in developing Stage 1 models have been described
previously (2-4). In Stage II, the general folding pattern of the protein
and most residue-water, residue-lipid, and residue-residue interac-
tions were predicted. The criteria used for developing Stage II models
(2-4, 14) included helix packing theory (15), residue-residue interac-
tion probabilities from known proteins structures (16), transfer ener-
gies of residues from water to hydrophobic environments (17), and the
pattern of residue conservation among homologous proteins. The
postulates of the homology criterion and how they are satisfied by our
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models were as follows: (a) Functionally noncrucial residues on the
surface of segments that link transmembrane segments should be
hydrophilic and poorly conserved among closely related proteins (18).
The putative extracellular loops connecting SI to S2 and S3 to S4 are
hydrophilic and have insertions and deletions among V-gated K+
channels. (b) Transmembrane residues in contact with lipid alkyl
chains should be hydrophobic and poorly conserved among closely
related proteins (19). The hydrophobic faces of SI, S2, S3, and to a
lesser extent S5, that are postulated to be in contact with lipid alkyl
chains, are poorly conserved among V-gated K+ channels (see lower-
case residues for the Shaker sequence in Fig. 1). (c) Highly conserved
residues usually interact with other highly conserved residues to form
clusters. Positively charged residues on the putative voltage-sensor, S4,
and negatively charged residues on P, SI, S2, and S3 are conserved
among V-gated channels and Slowpoke (see italicized residues in Fig.
1), and form salt bridges in the models. The leucines conserved among
all the proteins in S45 interact with other conserved hydrophobic
residues in S5 when the channel is deactivated. (d) Functionally
crucial residues differ between related proteins only when the function
FIGURE I Sequence alignment of the transmembrane portion of
Shaker V-gated K+ channel (5) with the Slowpoke K+ channel (13).
These were aligned with other V-gated channel sequences (deposited
in Genbank before April, 1991). For the Shaker sequence, the identical
residues among all V-gated K+ channels are in bold uppercase, the
conserved residues (no more than three substitutions) are in plain
uppercase, and the unconserved residues are in lowercase. For the
Slowpoke sequence, the conserved residues among all V-gated K+
channels are in bold uppercase, and the unconserved residues are in
lowercase. The alignment of Slowpoke with the SI-S3 segments of the
V-gated K+ channels is different than that postulated by Atkinson et
al. (13). Residues in both the Shaker and Slowpoke sequences that are
conserved in V-gated Na+ and Ca++ channels are italicized. In the
text, residues will be referred to by the segment they belong to and by
their location in that segment (as defined by the brackets). The
beginnings and endings of the segments are based on the Stage III
models, except for the end of S3 and beginning of S4, which
correspond to locations where helices could begin and end in the Shaw
sequence (which has a much shorter L34 linker). P is arbitrarily
defined to begin and end with the prolines in V-gated K+ channels.
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they control changes. The portion of P that we postulate to determine
ion selectivity is nearly identical in V-gated and Slowpoke K+ channels
(see Fig. 1), but is not conserved between K+ and Na+ or Ca++
channels.
In Stage III the models were made more precise by using computer
graphics and molecular mechanics to specify positions for all of the
atoms. Initial a-helical structures were generated using standard
phi/psi angles and side chain conformations that occur most fre-
quently in a-helices of known protein structures. The helices were then
docked together in the manner predicted by Stage II. Four identical
subunits were arranged symmetrically about the axis of the pore. Some
side chain conformations were "manually" adjusted at this stage to
reduce "bad" interactions (e.g., steric overlaps, burial, or lipid expo-
sure of unpaired hydrogen bond donors or acceptors, exposure of
hydrophobic groups to water, and formation of cavities in buried
hydrophobic regions) and to increase "good" interactions (e.g., disul-
fide bridges, salt bridges, hydrogen bonds, aromatic-aromatic interac-
tions, hydrophobic-hydrophobic interaction, clustering of conserved
residues, and exposure of polar groups to water). One constraint was
that the structure must be long enough to span the hydrophobic
portion of the bilayer without substantial gaps occurring between the
helices. Another constraint was that the model must provide explana-
tions for functional mechanisms. The structure was then energy
minimized, using CHARMM (20), to refine the atomic packing. A
cycle of "manual" adjustment and energy minimization was repeated
many times before a satisfactory model was obtained.
Models of the ion selective pore structure were developed from a
basic eight-stranded antiparallel polyalanine l3-barrel. The geometry
of the barrel was fully constrained by setting the standard backbone
torsion angles, hydrogen bond distances, and fourfold axial symmetry,
and by requiring the l3-sheet to twist in accordance with known protein
structures and theoretical studies (21). The l3-strands tilted by - - 30°
and spiraled around the axis in a right handed manner. The side chains
of the P segment and a loop region, connecting pairs of strands, were
then added. The structure was energy minimized, first using distance
constraints to maintain the hydrogen bonds between strands, and then
without constraints to determine whether the l3-barrel would remain
intact. Alternative side chain and loop conformations were tried, and
those that disrupted the l3-barrel least and had the best interactions
were selected.
Trial P l3-barrels were incorporated into models of the surrounding
segments, and energy minimized and evaluated in terms of the criteria
described above. Mter this, the intersegment links were added without
appreciably altering the segment conformations. The exact conforma-
tions of the extracellular links are highly speculative, and were
included only to illustrate the general locations. In the Shaker
sequences the L23 and L34 linkers are longer than in most other
homologous channels. However, the models were designed so that
adjacent transmembrane segments are close enough to be connected
by the shortest of the linkers in the set of homologous channel
proteins.
RESULTS
1. Stage I. Transmembrane topology,
secondary structure, and functional
mechanisms
Fig. 2 a illustrates the transmembrane topology we cur-
rently favor for each subunit of the Shaker K+ channels.
The model was influenced by the sequences of all of the
homologous V-gated channels, so that all of the proteins
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cFIGURE 2 Cylindrical representations of Shaker Stage III models, including all transmembrane and linking segments. The color coding is based on
the spectrum, beginning with blue for SI and ending with purple for S6. Red and blue circles represent negatively and positively charged residues
conserved among V-gated K+ channels. The thick cylinders represent a-helices, the medium width cylinders represent the jj-strands of P, and the
thin cylinders represent the connecting linkers. (a. b) Transmembrane topology and folded subunit of the deactivated channel conformation. (c, d)
Side views of the deactivated Dh and open channel conformations (the nearest subunit in each model has been removed to expose the interior of
the pore, and the farthest subunit has been colored grey for clarity). (e,!) Extracellular view of the two channel conformations.
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can have similar transmembrane folding patterns. Exper-
imental studies have verified that the residues preceding
SI, after S6 (22), and in the middle of P (7) are
accessible from inside of the cell, and that residues
between S5 and P and between P and S6 (6) are
accessible from the outside. The rationale for much of
the topology has been presented previously (2-4, 14).
The model presented here has the following modifica-
tions: (a) P now has two 13-strands instead of an a-helix
and a 13-strand (3, 4) or two a-helices (2). This was done
because a 13-barrel can be modeled with less ambiguity,
and because it facilitates the clustering of the residues in
P which are conserved among all V-gated K+ channels
and the Slowpoke K+ channel (see separate section on
P). (b) The putative amphipathic a-helix S45, between
segments S4 and S5, is postulated to span part of the
membrane. This change was made to explain why
mutating residues on S45 alters activation (23,24),
inactivation (25), and channel conductance (25), and
how S4 may become exposed on the extracellular surface
when the channel is activated (26,27). (c) The linker
L23, connecting S2 to S3, is postulated to include an
amphipathic a-helix. This change allows poorly con-
served hydrophobic residues on L23 to be in contact with
lipid alkyl chains, and highly conserved residues on L23
to pack next to other highly conserved residues in the
protein.
2. Stage II. Position and orientations
of transmembrane segments
The Stage II models illustrated in Fig. 2 have the
following features in common with a previously pro-
posed model (4): (a) the channel is comprised of four
subunits. This postulate has been supported by mutagen-
esis experiments (28). (b) The transmembrane portion
of the protein is comprised of an outer cylinder of 16
a-helices, which surrounds a middle cylinder of eight
a-helices, which in turn surrounds an eight-stranded
antiparallel13-barrel. (c) The SI, S2, S3, and S5 helices
form the outer cylinder that spans the entire membrane.
(d) S6 is bound to S2 by a disulfide bridge conserved
among V-gated K+ channels. It is broken into two
helices, S6n and S6c, to accommodate helix breaking
prolines. S6 forms part of the middle cylinder. (e) S4 and
S45 form the rest of the middle cylinder. S4 moves
toward the extracellular surface during activation. The
intracellular half of the pore is larger in the open
conformation than in the closed, and has a polar lining
formed by residues from the S45 and S6c segments. The
current models differ from the previous model (4) in that
S4 is not part of the ion selective 13-barrel, P does not
form part of the middle cylinder, and S45 may move
during activation. The hypothesis that part of S4 forms
half of the strands in a pore-forming 13-barrel was
abandoned because only three S4 residues are identical
in V-gated K+ channels and in Slowpoke.
3. Stage III. Atomic scale models
A. Activation Gating Mechanism
An important constraint in developing the models was
that they explain the activation gating mechanism in a
manner consistent with the theoretical criteria (see
Methods) and with experimental results. Analyses of
single channel recordings (29), gating currents (30), and
effects of osmotic pressure (31) indicate that the voltage-
dependent conformational change is followed by a
voltage-independent conformational change that opens
the channel. Mutagenesis experiments indicate that S4
is involved in activation gating (32, 33), and suggest that
conserved leucines on S45 and S5 are also involved
(23,24). We postulate that the voltage-dependent step
involves a "helical screw" (2, 14) movement of the
charged S4 segment towards the extracellular surface.
The voltage-independent conformational change may
involve a similar outward movement of S45. When the
channel is in the 0 1 deactivated state, S4 is in its
"innermost position" in the protein structure (see Fig.
2). In this conformation, the positively charged residue
R19s4, at the COOH-terminal end of S4, forms a salt
bridge with the negatively charged residue 06S3' K16s4
interacts with the COOH-terminal of S6n, R13s4 is
orientated towards the pore at the intracellular entrance
of the 13-barrel, and RlOs4 forms a salt bridge with 018p•
All of these residues are highly conserved. When the
channel is in the intermediate, Oz deactivate state, S4
has moved outward, but S45 has not moved. This
movement can be accommodated by changing the inter-
nal structure of a putative "flexible" segment between
the last leucine on S4 and the first leucine on S45,
without moving S45. In the closed 0 1 and Oz states, S45
is oriented so that positively charged residues are
pointed towards the center of the pore, where they
would form an electrostatic barrier to the entrance of
cations. Highly conserved leucines on S45 pack next to
highly conserved residues on S5, in the manner de-
scribed for "coiled-coils" (34) and "leucine zippers"
(35). Opening of the channel is postulated to require an
outward movement of S45, in which S45 also rotates
about its axis. This allows the positively charged residues
of S45 to move away from the pore and form salt bridges
with the E16sz and 06S3 residues, and the negatively
charged E14s45 residue to move to the intracellular
entrance of the pore. It is difficult to predict the position
of S4 before and after the voltage-independent change
that opens the channel. The position illustrated in
Fig. 2 d is the outermost possibility that we considered.
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In this open conformation, all the positively charged
residues of 54 are on or near the extracellular surface,
where they form salt bridges with negatively charged
residues in 51, 52, 53, and 55.
To demonstrate that 54 can move from the Dr to the
open conformation by the "helical screw" mechanism,
54 was modeled at 14 intermediate locations along the
transition path. Each step was separated by a 1.5 A
translation and 20° rotation about the helical axis, for a
complete movement of 22.5 A and 300°. The positively
charged side chains remained on the same spiral path-
way around the 54 helix throughout the transition. The
only backbone torsion angles which were allowed to
change substantially were those between proline resi-
dues in the L34 linker, the proposed "flexible" region
from the last leucine in 54 to the first leucine in 545 (i.e.,
LSRH5KGL), and the residues at the junction of 545
and 55. The entire structure was energy minimized at
each intermediate step. Most of the positively charged
residues of the 54 segment were able to form salt bridges
throughout the transition. The 54 segment was able to
complete the movement without encountering signifi-
cant steric hinderance. These models were developed to
examine plausible positions for 54. In reality, 54 may not
move this much. However, a relatively large movement
of 54 is supported by experiment. Measurements of Na+
channel gating current noise (33) and of K+ single
channel (29) and gating currents (24) indicate that the at
least two charge equivalents per subunit move across the
membrane in the voltage-dependent activation event.
For this to be accomplished by the helical screw mecha-
nism, each 54 helix would have to move by more than
10 A. In addition, antibodies to the 54 segment of
Repeat I in Na+ channels appear to bind on the
extracellular surface when the membrane is depolarized
(27). Also in the Na+ channel, mutation of a lysine to a
glutamine residue near the end of 54, again in Repeat I,
alters the inhibition of sodium currents by extracellular
Ca++, but has no effect on the inhibition of currents by
intracellular Mg++ (26). These results suggest that much
of 54 is on the extracellular surface when the channel is
activated and in the open conformation.
In support of this mechanism, mutation of the L4S45,
T7s45, 511s45, and E14s45 residues have been shown to
alter single channel conductance and inactivation kinet-
ics (25). In the model, these residues form part of the
lining of the intracellular half of the pore. Further
support comes from the finding that in the Shaker K+
channel, the mutation of conserved leucine residues at
the end of 54, at the beginning of 545, and on 55 shifts
the V-I curve for activation gating (23), but that the first
two of these mutations does not affect the gating current
(24). Because the gating current is presumably due to
the voltage-dependent movement of 54, the lack of an
effect on the gating current suggests that the leucine
mutations at the beginning and end of the "flexible"
region (defined above) must alter the final voltage-
independent movement of 545.
B. Models of P
Unfortunately, there is presently no compelling experi-
mental evidence for the three-dimensional structure of
the ion selective pore of V-gated channels. Previous
models have included a-helices (2), l3-barrels (9, 36), and
combinations of a-helices and l3-strands (3, 4). We have
chosen to model the pore as an eight-stranded antiparal-
lei l3-barrel because this is the most self-defined struc-
ture, and therefore least ambiguous. The geometry of a
symmetric l3-barrel is completely defined by the hydro-
gen bonding and tilt constraints (see Methods) (21).
Other structural motifs would likely be more influenced
by the conformation of the surrounding protein.
A major question in modeling the pore is whether it
spans all or only part of the membrane. The models that
we considered were divided into two families: long
l3-barrel structures, which span most of the membrane,
and short l3-barrel structures, which span only the outer
half the membrane. Long l3-barrel models have been
suggested previously by other groups (9,36). We favor
the short l3-barrel structure for several reasons: (a) it
can be constructed almost exclusively from the residues
in P which are conserved between all V-gated K+
channels and the Slowpoke K+ channel (see Fig. 1), and
thus provides the best clustering of the conserved
residues (long barrel structures require also using the
nonconserved residues in P); (b) the pore lining is more
hydrophilic; (c) a long l3-barrel structure is inconsistent
with our model of activation and inactivation gating, and
the postulate that the intracellular half of the pore is
formed by the 545 and 56c segments (see section 3A).
The short l3-barrel model of the pore is shown in
Fig. 3. The full eight-stranded antiparallel barrel is
formed from four l3-hairpin structures of P, one from
each subunit. The first strand of the hairpin is formed by
residues 6p-12p, the turn by residues 13p-15p, and the
second strand by 16p-21p• As described above, residues
9p-18p, which are highly conserved among all V-gated
K+ channels and the Slowpoke K+ channel, cluster to
form the ion selective region of the pore. The first eight
and last three residues of P, which are not conserved
among the V-gated and Slowpoke K+ channels, are
positioned near the extracellular entrance to the pore,
where they would have less effect on ion selectivity. The
strands were oriented so that the more polar conserved
side chains TlOp , T12p, Y16p, and D18p form the lining
of the pore. This places the conserved V9p, M11 p, G17p ,
and M19p side chains on the outside of the barrel, in
contact with the surrounding protein segments. It was
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FIGURE 3 Shorl l3-barrel model of P wilh tyrosines at position 20p. Backbone, carbon, and nonpolar hydrogen atoms are light blue for the first
strand and cyan for the second strand. Side chain aromatics are purple, hydroxyls are pink, carboxyls are red, nitrogens are blue, and sulfurs are
yellow. (a) View of the polar face of the hairpin forming the pore lining. (b) View from outside of the l3-barrel. (c) Extracellular view down the
barrel axis, (d) intracellular view. The blue sphere represents a K+ ion. (e,f) extracellular and intracellular views of the pore blocked by TEA from
the outside (e) and inside (f).
Durell and Guy Atomic Scale Structures and Functional Models 243
found that the p-barrel could be incorporated easier
into the surrounding segments when the first p-strand
was placed on the left side and the second strand on the
right, as seen in Fig. 3 a. L5p and the first five residues of
P, preceding the p-barrel, were modeled as short a-heli-
ces parallel to the extracellular membrane surface. This
arrangement provided the best residue-residue and
residue-solvent contacts, and is consistent with the
effects of mutations of the D2p residue.
As seen in Fig. 3, the narrowest portion of the short
p-barrel pore occurs between the tyrosine side chains of
Y16p• The opening is just large enough to allow unhy-
drated K+ ions to pass through. The 1T'-electrons ofY16p
may contribute to the electronegativity in this portion of
the pore. Aromatic rings have been shown to interact
favorably with quaternary ammonium cations (37) and
with water (38). The rest of the pore is wide enough to
allow inorganic cations to retain their first hydration
shell. Mutating T12p to serine has been shown to alter
the binding of TEA from inside of the cell (7). Fig. 3
illustrates how the T12p side chains in the model can
form an intracellular binding site for TEA. It has been
demonstrated that the different binding affinities of
extracellular TEA to a variety of rat brain K+ channels
(39) can be mimicked by mutating the T20p residue of
Shaker to the 20p residues of the different rat brain
channels (6). It has also been shown that the binding of
extracellular TEA is dramatically increased when ty-
rosine is present at position 20p (6). The conformation of
the extracellular entrance to the pore is not well defined
in the model, due to the lack of constraints for the
intersegment links between S5, P, and S6. Considering
the potential variation in this region, Fig. 3 illustrate
that the aromatic rings of the four Y20p residues could
interact directly with a TEA molecule.
It has been demonstrated that TEA crosses only
- 15% of the transmembrane electric field in reaching
its intracellular binding site on P (7). This has been
interpreted to mean that the P portion of the pore must
span at least 85% of the membrane, which would argue
against the short p-barrel model. However, in the model
presented here, the construction of the pore as a narrow,
short p-barrel in series with the relatively wide, intracel-
lular portion (formed from the S45 and S6c helices)
could also explain the experimental results. The rela-
tively low conductance of the ion selective P structure
would cause most of the voltage to drop over this region.
It is thereby feasible that only 15% of the voltage would
drop over the intracellular half of the pore. Likewise, the
argument (7) that P must span the entire membrane in
order for the pore to accommodate the observed multi-
ple number of ions does not invalidate the short p-barrel
model. As seen in Fig. 3, the ring of four negatively
charged D18p aspartate residues would likely create a
sufficiently strong electric field to attract several ions
into the 20 Along P structure.
C. Inactivation
In the Shaker channel, fast inactivation has been shown
to be caused by the blockage of the intracellular en-
trance to the pore by the NHrterminal sequence of the
protein in the cytoplasm (MAAVAGLYGLGE-
DRQHRKKQ) (40). It has also been shown that the
mutation ofthe L4S45, T7s45, Sl1s45, and E14s45 residues,
along one face of the S45 helix (25), and of the T13p
residue, near the middle of P, alters inactivation (9). In
the absence of any structural data, we modeled the
activation plug as an a-helix of the NHz-terminal Shaker
sequence. The first part of the helix is hydrophobic and
the second is hydrophilic. In the model of the open
conformation, the "inactivation plug" fits easily into the
intracellular pore between the S45 helices (Fig. 4). The
positively charged NHrterminal residue fits into the
p-barrel at the putative intracellular TEA binding site.
At the COOH-terminal end of the helical "plug," the
positively charged residues interact with the absolutely
conserved E14S45 glutamate residues, and with the nega-
tively charged ends of the S45 helix dipoles. The primary
consequence of this model is that the S4 and P segments
are restricted to the extracellular half of the membrane
when the channel is inactivated.
DISCUSSION
A great deal of progress has been made in using
mutagenesis experiments to probe the structure and
functional mechanisms of V-gated channels. The main
value of the theoretical computer models is that they
provide a means to interpret the experimental results
and to design new experiments. Although incorporating
the results of many experiments, a number of aspects
remain to be tested in the models presented here. For
example, in the Stage I, transmembrane topology model
(Fig. 2 a), experiments need to test for the accessibility
of the LI2 and L34 linkers from the extracellular side,
and of the L23 linker and S45 segment from the
intracellular side. Likewise, more data is needed to
select between the present and earlier Stage II models
(3), in which the Sl-S4 segments form a bundle of four
antiparallel a-helices, and the ion selective portion of
the pore is formed primarily by the COOH-terminal
halves of the four P segments. One important experi-
ment would be to test for the postulated disulfide bridge
between the S6n and S2 segments. The presence of this
link would exclude the earlier alternative Stage II
models (3). Similarly, more experimental data is needed
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FIGURE 4 Cross-section showing the molecular surface of the "inactivation plug." Surrounded by the K+ channel protein. Residues on
S45 where mutations affect inactivation and single channel conductance (25) are circled.
to determine the structural motif of the ion selective
region of the pore (See section 3 B).
Even though the Stage I and II models are not
completely defined, the Stage III models derived from
them are still of considerable value. The atomic detail of
the Stage III models allows for testing the feasibility of
the folding patterns predicted in the Stage II modeling.
The Stage III models are also amenable to computa-
tional mechanics, such as energy minimization and
molecular dynamics simulations. The atomic coordi-
nates are convenient for distributing the models to
others for investigation and modification (the coordi-
nates of our models will be provided upon request).
Even if x-ray crystal structures are obtained for the
V-gated channels, considerable theoretical modeling
will be required to understand the functional mecha-
nisms. For example: how the channel activates and
inactivates; how the pore selects between specific ions;
and how drugs and toxins alter these processes.
For the Shaker K+ channel, the Stage III models
suggest many locations where residues could be mutated
to cystines to form disulfide links. Experiments of this
sort could prove to be useful in determining the three-
dimensional structure of all homologous V-gated chan-
nels. Likewise, the atomic models of the ion selective P
~-barrel suggest a number of residues potentially in-
volved in the TEA binding sites, which could be tested
experimentally. Finally, the use of photoaffinity ana-
logues of drugs and toxins to label their binding sites,
would be a valuable adjunct to mutagenesis methods to
elucidate channel structure.
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DISCUSSION
Session Chairman: Adrian Parsegian Scribes: Sonia Hocherman and
Mariella DeBiasi
GABOR SZABO: How reliable are the conclusions that you can
derive from a structural modeling? At this stage, what can you say
about selectivity and ion gating? Has your model gotten to the point
where it is able to make predictions so that one can correlate
experimental, physiological or functional findings to structure?
ROBERT GUY: At this stage we are merely building the structure
manually and using the computation to 'clean up' the structure (letting
it minimize the interactions that occur inside the molecule). We repeat
the process until certain criteria are satisfied. It is a different level of
analysis than one would use to model a protein like calmodulin.
With respect to selectivity, we have not tried to do this kind of
modelling, what we have done is to pass the model coordinates to some
other group that is more experienced in this problem.
With respect to gating, we have searched the possibilities to explain
the gating by movement of the S4 segment. We have not calculated the
energetics of interaction with the surrounding, including interaction
with the lipid or interactions with the water surrounding the molecule.
So energies cannot be calculated accurately. However, the model can
suggest plausible movements and positions, as well as possible experi-
ments that might confirm these suggested positions.
SZABO: So is it fair to say that at this stage we seem to need more
structural data on the channel?
GUY: Yes, for sure.
RICHARD HORN: What would the model predict with respect to the
equilibrium voltage dependence of inactivation? There seems to be
evidence of K channel inactivation being voltage independent, while in
some Na channels voltage dependence is seen. What does the model
predict in this respect?
GUY: There is a charged residue at the end of the inactivation peptide
that binds to the TEA binding site from the inside. So I would expect
the same kind of voltage dependence of inactivation as for the binding
of TEA to open channels.
FRANCISCO BEZANILLA: Your model seems to indicate that
- 90% of the S4 segment moves outside the bilayer in the open state.
Have you thought of the energy penalty of moving the (alpha) helix
from the membrane environment into the water medium? Have you
included this calculation in your model?
GUY: We have not calculated the energy to move the S4 segment that
far. We were simply showing what is the extreme position where it
could move, but I would be extremely surprised if it went as far as that.
On the other hand, there is some evidence to the effect that S4 does get
exposed to the extracellular medium. There is data supporting the idea
that mutating one positive charge near the NHrterminal region
changes the influence of extracellular Ca+2 ions but not that of
intracellular Mg+2. We interpret that data to signify that this charge is
40. Zagotta, W. N., T. Hoshi, and R. W. Aldrich. 1990. Restoration of
inactivation in mutants of Shaker potassium channels by a
peptide derived from ShB. Science (Wash. DC). 250:568-571.
exposed to the extracellular medium. Also, studies indicate that more
than two charges move across the membrane.
EDUARDO PEROZO: According to the model, when the S4 segment
moves out of the membrane, it would feel less of the voltage drop. So
you would expect the movement of charge in each subunit to progress
from a faster rate to a slower rate as the channel passes from closed to
open conformation. However it is known from gating current measure-
ments that the first step is slower or less voltage dependent than the
rest.
GUY: I don't think it is necessarily inconsistent, because one shouldn't
confuse the rate constants with the total energy of the conformational
change. The rate constant is given by the energy barrier, whereas the
total energy gain, which is related to the amount of charge moved in
the membrane, is given by the energy difference between the wells.
Just because some process is slower it does not mean that you gain less
energy by doing it. Besides, your kinetics probably reflect the entire
movement of each S4; separate steps in the movement of the S4 occur
too rapidly to be measured.
PEROZO: Yes, that's correct, but you are assuming that the charges
are equally spaced. That creates a further difficulty: once the S4 moves
out of the membrane, it cannot feel the membrane repolarization.
How would the channel deactivate?
GUY: I assume that the protein would be fluctuating between the
different conformations, so it would not have to sense the change in
voltage in order to go back to the membrane.
BEZANILLA: Nevertheless when the S4 is in the membrane there are
five charges that feel the potential field, whereas when it moves
outward there is only one charge left in the potential field. So you
would expect to see a difference in kinetics in these two situations.
DIANE PAPAZIAN: In the K channel, although the conformational
change from the last closed state to the open state is voltage
independent, single channel analysis indicates that mutations in the S4
region affect the stability of the open state, as well as the transition
between the last closed state to the open state. So, the effects of
divalent ions on the S4 mutants of the Na channel may be related to
effects on the open state. It is possible that these effects are indirect
and therefore do not necessarily imply that the S4 sequence is exposed
extracellularly.
RICHARD HORN: Although it is difficult to predict rates from the
transitions of your model, I would expect that the first transition (from
the most closed state) would be the fastest, simply because you have
four subunits moving from the same basic state.
BEZANILLA: This is the opposite from what we got. The experimen-
tal results show that there is a rising phase in the gating current, which
means that the first transition is slow compared with the subsequent
transitions.
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OLAF ANDERSEN: In batrachotoxin-modified Na+ channels we
have obtained an estimate of the intrinsic energy difference for the
transition between the open and the closed conformations. It is about
3 kcallmol (Chabala et al. 1991. 1. Gen. Physiol. 98:197-224), which
corresponds to the energy of breaking one hydrogen bond or to moving
one charge from a medium of dielectric constant of 80 to one of
dialectric constant of - 30. It is a small energy, which imposes
constraints on model building. With respect to the second point, I
agree that one cannot predict the magnitude of the transition rate
constants from the number of charges that are going to be moved. The
charge movement must be considered in the context of the whole
molecule and one must take into account all the different interactions,
and configuration changes, in the molecule when predicting the rate
constants. Therefore, it is difficult to predict which of the rate
constants should be the largest.
HAREL WEINSTEIN: One should keep in mind that the time frame
of the molecular movement is much faster than the time frame in
which the gating currents are being measured. You are measuring the
charge that is moving through the electric field, as a result of a
rearrangement that occurs within the molecule, and this charge
movement is measured in a time scale orders of magnitude longer than
the movements of the molecule. You are measuring a composite
current, resulting from everything that happens when the rearrange-
ment occurs. The movement of the helix in Bob Guy's model is the
trigger for the changes in charge that you are going to see. For
example, the current that you measure will include the movement of
counter-ions to stabilize the charge that has emerged from the
membrane. The fact that the measurement reflects the energy of
movement of one charge does not necessarily mean that one charge
has changed position. It means that the resultant represents the energy
for one charge.
BEZANILLA: Yes. We are dealing with the old problem of a fast
molecular motion underlying a macroscopic measurement. The move-
ment of the charge is of course extremely fast and could even be
treated as a delta function. The sum of all the "delta functions" gives
the macroscopic current that we measure. We infer the waiting time
for these delta functions from the macroscopic gating current.
ARTHUR BROWN: In the case of the K channel that Perozo et al.
have described, we are dealing with four identical subunits, which
makes it hard to understand why the first rate constant is the slowest.
In the case of four identical subunits we have four times the probability
for the first transition, three times for the second, two times for the
third, etc. It might be that cooperativity will explain this phenomenon.
In the case of the Na and Ca channel it is different, because the repeats
are homologous but not identical. Are you going to include this in your
modeling?
GUY: We cannot answer kinetic questions with the help of a physical
model. There are many plausible explanations to the phenomenon,
such as interaction among the subunits and cooperative behavior. One
approach to this is an experimental approach. For example, Peter Hess
is presenting at the next Biophysical Society meeting work in which
three S4s are always in the activated conformation. He can see the
movement of one helix in isolation.
JOSHUA ZIMMERBERG: How much water motion does your gating
mechanism predict?
GUY: We haven't calculated movement of water. However, there is a
big displacement of protein volume when the S4 moves outward, that
presumably could be filled with water.
ZIMMERBERG: Would that movement of water occur while the
gating charge is moving, or at the end of gating?
GUY: Some of it may move during the gating charge movement. If the
movement of S45 is the actual voltage-independent step that is seen in
potassium channels, the movement of water might occur at the end of
the process.
HORN: I'd like to comment on the gating current. If you assume that
the transition is very fast, what you are measuring in the gating current
is not the rapid displacement of charge, but rather the average time
from the time the voltage step is applied to the time in which this rapid
transition occurs.
GUY: If you think of a Markovian model of transition between
successive steps, you cannot separate the steps in the movement of the
helix as the rate constants. Rather you would be measuring an
instantaneous transition of charge, because of the rapid movement
between these steps.
MICHAEL GREEN: You propose that the S4 has a number of
charged particles assuming there is no interaction between them.
However, it is plausible that the presence of one charged particle will
change the pK of a neighboring amino-acid, so that not all the
potentially charged amino acids will be charged.
GUY: In the model, negative charges from other segments are often
positioned between the positive charges. The effect you describe may
occur in a more hydrophobic environment where there is no neutraliza-
tion of charge by neighboring groups.
GREEN: As you move the S4 outward from the membrane, will the
charges be surrounded by water?
GUY: Yes.
ANDERSEN: If there is a lot of water in the channel, what is the
electric field like? A few water molecules won't change the dielectric
constant of the membrane and won't have any bearing on the problem
Mike Green is mentioning. But if you have enough water to change the
dielectric constant, enough to alter the effective pK, you have to start
thinking about where the potential is dropping. Are you not dropping
the potential over the S4 segment? If you are not, you will have
problems accommodating Bezanilla's results, and many other people's
results, which indicate S4 is a voltage sensor. You are moving a lot of
charge here, but you cannot move an awful lot of charge in and out a
low dielectric constant medium.
GUY: In the closed conformation, the S4 is inside the membrane, so
the field drops over S4 by definition. As S4 moves out of the
membrane, it largely moves out of the electric field.
ANDERSEN: That depends on how the potential is distributed.
GUY: It is not plausible to suppose that the electric field falls only in a
tiny region located near the intracellular portion of the pore.
MAURIZIO TAGLIALATELA: It was observed that the P region
was all the way up into the membrane. That suggests that the field
should not comprise the entire width of the membrane. How do you
reconcile the idea that the field drops across a region that is shorter
than the membrane thickness with the idea that in S4 mutations, that
affect charges that are very much apart, there is an effect on the voltage
sensing?
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GUY: If you believe that the field is concentrated primarily across a
narrow region formed by the beta barrel, then you see charged
residues of S4 near the interior end of the pore move toward the
exterior side of the membrane.
JUAN BALLESTEROS: In the segment S3 there is a kink that is
supposed to be due to the presence of a prolin residue. In the
Slowpoke potassium channel we have two prolines in a row in an
analogous position. Since this position is embedded in the membrane,
would you model this proline-proline dipeptide in a helical conforma-
tion?
GUY: No, the helix is kinked because residues preceding the proline
are not in a helical conformation.
BALLESTEROS: We have conducted a search for the available
protein structures to see what are the possible conformations of the
proline-proline. In all cases proline-proline dipeptides are located
between secondary structure elements (on linkers); in particular, in
the reaction center they were located between helices in the extracellu-
lar domain. That would suggest that the proline-proline in a slowpoke
may be located in the extracellular side and not embedded in the
membrane as you suggested.
RONALD KABACK: Single prolines do not necessarily kink helices,
especially in the trans conformation. In the case of the lacpermease,
for example, there are several prolines in the membrane helices that
can be mutated without altering activity.
GUY: That's true. However, two prolines in a row would kink the
helices.
KARLIN: One should remember that since the proline cannot form a
hydrogen bond, it frees up a carbonyl, and the problem is not the
proline but the free carbonyl. You could mutate the protein, and still
the protein would maintain the same structure because it is multideter-
mined, even in the presence of a free carbonyl.
ADRIAN PARSEGIAN: Let's talk about the pore.
BEZANILLA: Rod McKinnon has produced a new mutation in
position W434, exchanging Trp by Phe. This is a conserved residue
among voltage-gated K channels, although it is not conserved in
slowpoke. This mutation kills the pore conductance, without changing
the gating currents. Moreover, the channel seems to be able to open,
because it binds TEA (as seen by experiments of immobilization of
charge). In your model, the Trp does not face the pore.
GUY: This residue faced the pore in our earlier version of the model,
which used a long betacbarrel instead of a short spanning beta barrel.
However, one should remember that a mutation that kills the
permeation pathway doesn't necessarily mean that the residue was
facing the pore. It could be an effect on the adjacent protein structure.
BEZANILLA: The channel seems not to have changed any of its other
characteristics, as can be inferred from gating currents and immobiliza-
tion of charge by TEA.
BROWN: In our experiments with the voltage-gated K channel, we
can make a chimera in a host DRKI that will have the conductance
characteristics of the donor and the gating characteristics of the host.
So it seems possible to obtain a remarkable separation between
different domains as measured by function.
JOSEPH FALKE: An interesting feature of your model is the Van der
Waals contact between the translocating ion and the 11" systems of a
ring of four tyrosines. Do you view this interaction as a barrier or as a
well?
GUY: More likely a well between barriers.
FALKE: Is there any experimental evidence for an attractive interac-
tion between an alkali cation and such a 11" system?
DAVID BUSATH: Lithium interacts with aromatic groups according
to a reference in our poster.
FALKE: My second question regards how you extend your model to
turn it into a Ca selective channel. The known structure of Ca specific
sites virtually always uses seven oxygens for coordination of Ca ions.
This geometry includes five oxygens arranged in a pentagon, with axial
oxygens above and below the plan. Your model suggests that four,
rather than five, coordinating sites would exist in the plane. If one of
these were a bidentate carboxylate, you could have the planar
pentagon needed to effectively exclude Mg+2while binding Ca+2• Then
molecule charges above and below the ion could provide axial
coordination. It is interesting to note that in EF Ca+2 sites, one of the
coordinating side-chains in the pentagon provides a bidendate carbox-
ylate, just as required in this channel model.
GUY: In the pore region of Ca channels each of the four domains has
a glutamate at one position where Ca presumably binds.
ROLF JOHO: There is a fundamental difference between Na and Ca
channels, on the one hand, and K channels, on the other. While the K
channel is symmetric, containing identical subunits (identical P re-
gions), in Na and Ca channels the pore is asymmetric, because of the
differences between domains.
GUY: In Ca channels, the second beta strand has Thr-X-Glu-X-Trp in
all homologous repeats, so it may have fairly good fourfold symmetry.
KARLIN: Until I just heard the data about lithium, as far as I know,
only organic cations, like ammonium, interact with aromatic 11" elec-
trons. Organic compounds, which don't interact well with water, are
happy to interact with the aromatic residues.
BUSATH: The reference I was referring to is Brooks et aI., 1972
(lACS. 94:7346). Pi-groups in ion pair binding. Stabilization of the
dianion of naphtalene by Lithium Tetramethyl-ethilene diamine.
KARLIN: But that is an organic compound, it does not mean that
aromatic rings would interact favorably with inorganic cations.
BUSATH: The paper reports a crystal with Lithium near the aro-
mathic 1I"-c1oud.
ANDERSEN: Experimental data, based on gas phase solvation, show
that benzene rings can solvate (interact) with K+ ions (Sunner et al.
1981. l. Phys. Chern. 85:1814-1820). You do it in gas phase, however.
Probably the reason why you can't measure that solvation in a partition
experiment is that the low dielectric constant of the organic phase will
preclude the partitioning.
KARLIN: But Bob Guy just showed that a K+ ion should be solvated
by four Phe rings. Doesn't that correspond to bulk phase partitioning?
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ANDERSEN: Guy's model is more equivalent to gas phase solvation,
because you look at the intrinsic interactions and the surrounding
proteins have in any case a rather large dielectric constant.
BUSATH: I want to ask you about the positions of side-chains that
affect permeability in your model. Where in your model is the F433
and the Asp 431? Yool and Schwatz have shown that a mutation of
F433 to Y enhances ammonium permeation; mutation of Asp 431
affects external TEA binding.
GUY: Those were positioned outside the beta-barrel in our model.
The effect of Phe mutation is very slight, much less marked than the
effect of mutating the adjacent tryptophan. Asp should not be part of
the channel, because some K+ channels have lysine at this position,
which is unlikely to be inside of the pore.
BUSATH: You say you had trouble to accommodate the long barrel
with the modeling of the rest of the channel. Can you amplify on that?
GUY: We have not been able to reconcile the long beta barrel model
with our model of the inactivation gate receptor. When the S45 forms
part of the inner part of the channel pore, the beta-barrel can span
only the outer half of the membrane.
BUSATH: Why can't you have the S45lying outside the membrane?
GUY: It can't be outside the membrane if S4 moves most of the way
out of the membrane and S45s are packed next to S5.
JOHO: I agree that the long beta barrel model is not compatible with
your modeling of the rest of the pore. But this could mean one of two
things: either the long beta barrel model is wrong or the rest of your
model is wrong. The reason why we side with the long beta barrel
model is the fact that once you pass the two very conserved prolines,
there is a tremendous variability in the sequence allowing for diversity
in binding of crx or TEA. As you go deeper than that you get to a
region very well conserved as long as you take into account voltage
gated K channels, not including slowpoke.
GUY: One value of constructing models of the whole protein is that
the model ofone portion puts constraints on the models used for other
portions. I think to neglect the information of slowpoke is a mistake,
because it has a region of high homology with other K channels, while
the next region (that would be postulated to be the complementary
beta strand in the long barrel model) shows a large variation from
the voltage dependent channel sequence. I cannot believe that
nature would change one strand of the beta barrel while conserving
another.
JOHO: We don't even know the stoichiometry of association between
slowpoke subunits. It may even associate into a pentameric structure.
GUY: If it were not a tetramer then the geometry of the pore would be
very different and there would be no explanation for the sequence
conservation.
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